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SUMMARY 
Solid oxide fuel cell (SOFC) technology has the potential to be one of the most efficient 
energy conversion technologies and the same technology can be used to efficiently produce 
several chemical species such as hydrogen and syngas through reverse operation, known 
as solid oxide electrolysis cells (SOEC).  However, SOFC’s high temperature requirement 
limit the feasibility and cost-competitiveness of the technology.  There has been significant 
work in recent years to reduce the required operating temperature.  One successful method 
is the shift from oxygen ion conductors to proton conductors as the electrolyte material.  
This has led to the development of the current state-of-the-art electrolyte material: 
BaZr0.1Ce0.7Y0.1Yb0.1O3 (BZCYYb).  While this material has enabled record breaking fuel 
cell performance, several challenges remain for broader commercialization such as limited 
stability against high concentration of water and CO2, which become more pronounced in 
the electrolysis mode (SOEC) where the material could be exposed to pure CO2 or steam.   
In order to address the degradation issues with BZCYYb, this work has developed a new 
family of proton conducing electrolyte materials, BaHfxCe0.8-xY0.1Yb0.1O3 (BHCYYb).  
This material is theoretically more stable than that of BZCYYb due to BaHfO3’s higher 
stability but the increase in stability must not significantly hinder performance.  Therefore, 
the conductivity and transference numbers of BHCYYb were measured to evaluate it as an 
electrolyte material.  The conductivity of BHCYYb-1711 was determined to be about 50% 
higher than that of BZCYYb-1711.  As the concentration of hafnium was increased, the 
conductivity decreased as expected but at a faster rate than BZCYYb as the zirconium 
concentration increased.  This resulted in BHCYYb-3511 and BZCYYb-3511 having 
 xiii 
approximately the same conductivity and higher concentrations of Zr/Hf resulted in 
BZCYYb having the higher conductivity.  To verify the higher conductivity was due solely 
to ionic conductivity, the transference numbers were also tested.  At SOFC testing 
temperatures, the transference numbers in hydrogen and SOFC conditions were above 0.9 
and the transference increased as the temperature decreased.  Due to these positive results, 
BHCYYb was used to fabricate full cells and their peak power densities of 1.67 W/cm2 
and 1.45 W/cm2 at 700oC and 650oC respectively are equal to that of the highest 
performance cells in literature.   
Based on the positive results achieved as an SOFC electrolyte, the stability of BHCYYb 
was tested using TGA, XRD and conductivity.  In all cases, BHCYYb proved to have 
higher stability.  30% hafnium was needed for complete stability, yet 30% zirconium would 
degrade.  Based on the higher chemical stability, BHCYYb was used to fabricate 
electrolysis cells and tested for steam electrolysis and CO2-H2O co-electrolysis.  For steam 
electrolysis, round trip efficiencies above 80% were achieved at 0.5 A/cm2 and above 70% 
for 1 A/cm2.  For CO2-H2O co-electrolysis, BHCYYb-3511 was compared to several 
different electrolytes including BZCYYb-1711 and BZCYYb-3511.  In all cases the cells 
degraded in less than 50 hours while BHCYYb-3511 was stable for over 100 hours with 
no discernable degradation.   
Finally, several novel dopant systems were studied in the BaHfO3 system to attempt to 
further improve the performance of BaHfO3 based systems.  Both dopants in the A-site and 
B-site were tested.  Unfortunately, A-site doping proved to be impossible with common 
ceramic processing techniques to due to the alkaline metals evaporating from the structure 
at ~800oC.  Several B-site dopants were tested as well.  Indium proved to be very promising 
 xiv
with the highest conductivity of all the dopants tested in BaHfO3. However, when indium 
was used in a BaCeO3-BaHfO3 solid solution, the performance was quite poor.  Indium is 
a poor dopant in the BaCeO3 system, so it’s advantage with hafnium could not be 








Climate change is considered by a majority, if not all, scientists as humanity’s greatest 
existential crisis.[1]–[5]  This crisis is odds with the fact that fossil fuels contribute to every 
aspect of our economy from power generation, to transportation, to the production of a 
large number of synthetic materials.  With a challenge so large, no one technology can 
provide a solution.    Wind, solar, and other renewable power generation technologies are 
by far the fastest growing segment of the energy grid but there are still significant 
challenges.[6]   For example, wind and solar are intermittent power sources which increases 
the need for energy storage and there is still no economical solution for the 40% of 
transportation, such as air travel or heavy freight, which cannot run on today’s battery 
technology.[7]–[9]  One technology, among many, which has potential in efficient 
electricity generation as well as production of several chemical species is solid oxide fuel 
cells (SOFCs).   
1.2 Role of solid oxide fuel cell technology in a carbon neutral economy 
Fuel cells are an extremely efficient method of producing electricity, and when used in a 
combined heat and power system, they can achieve efficiencies of up to 80%.[10]     There 
are several different types of fuel cell technology. According to the electrolyte materials 
used, fuel cells are classified into proton exchange membrane (PEM) fuel cells, alkaline 
fuel cells, phosphoric acid fuel cells, and solid oxide fuel cells (SOFCs).[11]  Each of these 
technologies has their individual advantages and disadvantages.  PEM and alkaline fuel 
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cells operate close to room temperature and phosphoric acid fuel cells operate at only 
marginally higher temperatures of 150oC to 200oC.[12]  These temperatures are much 
lower than those required for SOFC operation.  However, the high operation temperature 
of SOFCs provide several advantages.  PEM and phosphoric acid fuel cells require noble 
metal catalyst such as platinum, greatly increasing their cost.[11]  Additionally, PEM and 
alkaline fuel cells are highly sensitive to carbon dioxide, sulfur, and other chemical species 
common in fuels.[13]  These restrictions limit these fuel cell technologies to operation on 
pure hydrogen.  While hydrogen on its own does not produce carbon dioxide or other 
greenhouse gases, almost all hydrogen today is produced through steam reforming of 
natural gas, which does contribute.[14]  Partial oxidation reacts hydrocarbons with a very 
controlled amount of oxygen to create carbon monoxide and hydrogen as shown in 
Equation (1).  This mixture, known as syngas, is the starting material for several modern 
chemical processes.  Specifically the production of methanol and ethylene glycol, which 
in turn are used in a number of other chemical processes.[15], [16]  In hydrogen production 
the carbon monoxide is a waste product and must be separated from the hydrogen.  Gas 
separation is an extremely energy intensive process which adds to the carbon released into 
the atmosphere.[17]  So, while hydrogen fuel cells themselves do not produce any 
greenhouse gas, the process by which the hydrogen is created makes them less 





𝑂 ⇒ 𝑥𝐶𝑂 +
𝑦
2
𝐻  (1) 
This highlights one of the major advances of SOFC technology.  The high operating 
temperature allows SOFCs to directly operate on hydrocarbons such as natural gas without 
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an additional reformer, which gives SOFCs the highest theoretical efficiency of any 
competing energy generation technology at low cost.  Moreover, SOFCs ability to run 
directly on both natural gas and hydrogen make it an ideal transition technology for the 
switch from natural gas to hydrogen, as clean hydrogen production technology 
matures.[20], [21]   
While SOFCs have promise as an electricity generation and energy transition technology, 
there are significant challenges. Another application of SOFC technology is as reversable 
fuel cells for energy storage or for electrolysis.  Electrolysis is the process of using 
electricity to reverse a chemically unfavorable reaction.  Electrolysis can be used to 
produce several critical species such as hydrogen, syn gas, and ammonia which are 
currently obtained from natural gas or other fossil fuels.[22]–[28]  While electrolysis does 
not directly produce greenhouse gasses, this process requires more energy to produce the 
hydrogen than would be gained by reacting the hydrogen or other species.  Thus, when 
traditionally produced electricity is used the net carbon released is still positive.  However 
renewable energy such as solar and wind are quickly becoming cost competitive with 
traditional coal and natural gas power plants.  As the price of renewable energy decreases 
so does the cost of electrolysis and the cost of hydrogen or syn gas.[12], [13]   
This also has the potential to have carry-over effects into the carbon capture industry.  If 
economical, producing syngas from carbon dioxide would have huge impacts on the power 
and chemical production industries.[25]  Currently, carbon dioxide sequestrated from 
power plants has very limited uses.[29]  Most of the time the CO2 is simply injected into 
empty oil and gas wells.[30]  While there are some limited uses for captured CO2 such as 
fracking and enhanced oil recovery, the limited use cases makes carbon capture at power 
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plants very expensive.[31]  If there was an efficient method, such as solid oxide electrolysis 
cells, for converting that captured CO2 into syngas which could in turn be sold to chemical 
companies, carbon capture would become a more cost competitive option for limiting 
carbon emissions.  
1.3 Challenges for SOFC Technology 
While solid oxide fuel cell technology is very efficient for energy storage and conversion, 
there are significant challenges which must be overcome in order to make SOFC 
technology cost competitive with traditional energy generation technologies.   High 
temperature insulation, high chromium content electrical interconnects, and long start-up 
times are just some of the challenges facing SOFC technology.[32], [33]  The high 
operating temperature requires the use of exotic materials.  For example, electrical 
connections must be made with metals of high oxidation resistance such as chromium 
containing stainless steels.  However, the chromium used to prevent the stainless-steel 
oxidation can leach into the gas stream and degrade fuel cell performance.[34], [35]  The 
same is true for the gas seals which are typically made from a boron-based glass.  At high 
temperatures, the boron can also leach into gas stream and poison cells.[36]–[38]   
Reduction of the high temperature requirements has been a long-standing challenge, but 
significant progress has been made.  There has been a major shift away from oxygen 
conducting materials to proton conducting materials.  These proton conducing oxides have 
much lower activation energies, which allows them to retain their performance at lower 
temperatures.[39]  Improvements in the catalytic activity of cathode materials has pushed 
the required operating temperatures even lower.[40]–[42]  It is becoming increasingly 
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possible to achieve high performance at temperatures at or below 500oC.[43], [44]  
However, this success in reducing the required operating temperature has revealed new 
challenges.  Specifically, the proton conducing materials which have enabled the reduction 
of the operating temperature are unstable against CO2 and water.[45]  Moreover, the 
degradation reactions become more favorable thermodynamically as the temperature is 
reduced, preventing further decrease in operating temperature while maintaining device 
stability.[46]  This has severely limited the deployment of SOFC technology, especially 
for electrolysis applications, which require high concentrations of both CO2 and water.  
New materials are needed which retain the current performance metrics but are more stable 
against CO2, water, and other contaminates in order to increase the competitiveness of 
SOFC and SOEC technology for efficient energy conversion and storage.   
1.4 Research Objectives 
The work in this dissertation involves the development of a new proton-conducting SOFC 
electrolyte material, BaHfxCe0.8-xY0.1Yb0.1O3.  Specifically, the main objectives of this 
dissertation research are: 
 To develop a new proton conducting material, with higher theoretical stability than 
current state-of-the-art.  
 To evaluate the long-term stability of the newly developed electrolyte material in 
realistic operating conditions. 
 To identify novel dopants for the BaHfO3 system and evaluate their performance.   
Achieving these objectives will hopefully provide insight towards the further development 
of SOFC technology.  This type of fundamental information is necessary to drive SOFC 
 6
technology towards commercialization.  In addition, this work presents initial efforts into 
further improvements to performance and stability.   
1.5 Chapter Organization 
Chapter 2 provides the fundamentals of solid oxide fuel cell technology, describes the shift 
to proton conducting electrolytes, including a review of the current state-of-the-art 
material, BZCYYb, and discusses the current challenges.  Chapter 3 descries the technical 
approach used to achieve the objectives of this dissertation research, together with 
experimental details for fabrication and evaluation of the new materials developed.  
Chapter 4 describes the development of the new family of proton conducing electrolytes 
and its evaluation as an electrolyte material for fuel cell and electrolysis operation.  Chapter 
5 describes the stability testing of the new BHCYYb material and compares it to the current 
state-of-the-art.  Chapter 6 attempts to further improve the performance by studying 
dopants in the BaHfO3 system. Finally, Chapter 7 provides a concluding summary as well 
as some recommendations for future work.    
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 BACKGROUND 
2.1 Solid Oxide Fuel Cell Fundamentals 
Fuel cells are an electrochemical method of converting chemical energy into electrical 
power.  To produce electricity, fuel cells use the highly energetic reaction between 
hydrogen or hydrocarbons and oxygen to produce water.  This reaction is highly 
exothermic and produces a large amount of energy.  Fuel cells use electrochemistry to 
harness and control this reaction by separating the combustion reaction into two half 
reactions.[10], [47], [48]   
There are three active materials needed for fuel cell operation:  the anode, the cathode and 
the electrolyte.  Figure 2-1 shows a schematic of a fuel cell and the role of each active 
material.  On the anode, hydrogen is oxidized as shown in Equation (2).  On the cathode, 
the electrons reduce oxygen as shown in Equation (3).   The electrolyte only allows ions to 
pass through, which forces the electrons through an external circuit, which produces power.  
Finally, the protons and oxygen ions combine to create water.[47]  




𝑂 + 2𝑒 = 𝑂  (3) 




2.2 Solid Oxide Proton Conducting Electrolytes 
As was mentioned, there are three major active components to an SOFC system: the anode, 
cathode and electrolyte.  This work focuses on the electrolyte, of which there are two major 
types:  oxygen conductors and proton conductors.  As their names suggest, the major 
distinguishing factor is the ionic species which they transport.  Figure 2-1 shows 
schematics of fuel cells based on an oxygen conducting and proton conducting electrolyte. 
 
Figure 2-1 Schematic of a solid oxide fuel cell with an oxygen conducting electrolyte 
(left) and proton conducting electrolyte (right). 
 
Of the two types of electrolytes, proton conductors are widely considered to be the 
preferred structure due to their lower activation energies and higher conductivities, 
especially at lower temperatures.  The most common SOFC proton conductors have a 
barium perovskite structure with a chemical formula of BaMO3 where M is a 4+ metal ion 
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such as cerium.[49]–[51]  The perovskite structure consists of a cubic unit cell with the 
larger of the two metal ions at the unit cell corners in a 12-coordinated site.  The oxygen 
sit at the face centers and the smaller metal ion sits in the octahedral site in the center of 
the unit cell.  The 12- coordinated site is known as the A-site and the octahedral site is the 
B-site.   In oxygen-based perovskites the two metal ions’ charge must sum to 6+ to balance 
the oxygen.  Therefore, for barium-based perovskites, the B-site atom is required to have a 
4+ charge.[52]  A schematic of the unit cell of this structure is shown in Figure 2-2(a).  
 
Figure 2-2 (a) Barium perovskite unit cell.  Barium is in blue, oxygen is in red, and 
the 4+ ion is in yellow.  (b) Schematic of proton movement through a barium 
perovskite. (Reprinted with permission from Kreuer, K. D. (2003). Annual Review of 
Materials Research, 33(1), 333–359. Copyright 2003, Annual Reviews, Inc) [51] 
 
In order to make this structure proton conducing, a fraction of the 4+ metal ions are 
replaced with 3+ metal ions, this in turn creates oxygen vacancies as shown in Equation 
(5)  Finally, when the oxygen vacancies are exposed to water, the water fills the vacancy 
with a hydroxyl ion as shown in Equation (6).[53]  They hydrogen is then relatively free to 
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rotate around the oxygen and then hop from oxygen to oxygen if there is a significant 
enough driving force creating proton conduction as shown in Figure 2-2 (b). [54], [55]  
 𝑌 𝑂 + 𝑂 2𝑌 + 𝑉 ∙∙ + 5𝑂  (5) 
 𝑉 ∙∙ + O + H O ⇒ 2OH∙  (6) 
 
2.3 Review of Current State-Of-The-Art Electrolyte Material - BZCYYb 
BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb) has recently become the dominant electrolyte 
material for solid oxide fuel cells.[56]–[59]  BZCYYb’s dominance is due to a combination 
its high conductivity and natural resistance to both coking and sulfur.[60]  This has led to 
significant improvements in the performance of solid oxide fuel cells.  Recent papers have 
reported a peak power density of 0.690 W cm-2 at 600oC in hydrogen[61] and a peak power 
density of 0.37 W cm-2 at 500oC in methane with no evidence of coking.[62]  In both cases 
BZCYYb was the electrode of choice.   
While BZCYYb is an excellent choice as a SOFC electrolyte material in lab scale 
experiments, it becomes obvious it has several disadvantages when scale-up is attempted.  
For example, BZCYYb is known to degrade in both CO2 and H2O environments and high 
concentrations of both will be present at the end of any SOFC stack run on hydrocarbons.  
Furthermore, solid oxide electrolysis cells (SOECs) are gaining popularity[63]–[66] and 
require materials to be highly stable against CO2 and H2O.  To increase the stability of 
BZCYYb, there have been systematic studies of replacing more of the cerium with 
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zirconium.  Several studies have shown the need for 40% to 50% Zr needs to be doped into 
BaCeO3 to create a stable phase in carbon dioxide or water, depending on exposure 
conditions and other dopants. While an increase in zirconium content does provide 
increased stability, it also decreases it’s conductivity.[67]–[69]    Therefore, novel dopant 
strategies are needed to maintain the current conductivity while improving the overall 
stability.   
One potential strategy is to replace the zirconium with another element, such as hafnium 
to create a more stable structure.  Thermodynamically, BaHfO3 is more stable than BaZrO3 
with respect to carbon dioxide and water vapor as shown in Figure 2-3.[46], [70], [71]   The 
large discontinuity in Figure 2-3(b) is due to the melting of Ba(OH)2 at 680 K.  Moreover, 
hafnium is chemically similar to zirconium, being from the same chemical group and 
having a similar ionic radius, 85 pm for hafnium compared to 86 pm for zirconium.[72]  
These chemical and physical similarities should allow hafnium to easily replace zirconium 
in BaCeO3-BaZrO3 systems currently used for SOFCs and the higher chemical stability 
should allow less hafnium, compared to zirconium, to achieve acceptable stability, 




Figure 2-3 Free energy of the reactions between BaMO3 (M = Ce, Zr, or Hf) and (a) 
CO2 and (b) H2O. 
  
 13
 TECHNICAL APPROACH 
3.1 Material Design Rational 
3.1.1 Thermodynamic Evaluation 
The stability of a compounds is related to both the thermodynamic free energy of the 
reaction and the reaction kinetics.  While the kinetics of the degradation can give important 
insight into the degradation mechanism, it is ideal to have a material which is 
thermodynamically stable and therefore will not degrade over time.  The thermodynamic 
stability of a material is based on the Gibbs free energy of the degradation reaction.  The 
Gibbs free energy of reaction is defined as:  
 ∆𝐺 = Σ 𝐺 ( ) − Σ 𝐺 ( ) (7) 
The free energy of the products and reactants is the sum of the free energies for formation 
of each of the products or reactants respectively.  Gibbs free energy of formation is defined 
as:  
 𝐺 = 𝐻 − 𝑇𝑆  (8) 
where ∆𝐻  is the enthalpy of formation and ∆𝑆  is the entropy of formation.  The enthalpy 
and entropy of formation can be measured experimentally or calculated through first 
principle calculations. 
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While calculating the free energy of a reaction can be a very good predictor of stability, it 
becomes much more difficult to determine for doped or mixed compound such as 
BHCYYb due to the free energy of mixing.  The free energy of formation for a mixture 
can be expressed as: 
 𝐺 = 𝑋 𝐺 + 𝑋 𝐺 + 𝐺  (9) 
For ideal mixtures, the enthalpy of mixing is zero and the entropy of mixing is simply the 
maximum configurational entropy which can be expressed as: 
 S = −𝑅(𝑋 ln(𝑋 ) + 𝑋 ln(𝑋 )) (10) 
 𝐺 = 𝑅𝑇(𝑋 ln(𝑋 ) + 𝑋 ln(𝑋 )) (11) 
However, ideal mixtures are not common and a better approximation of the systems in this 
study would be a regular solution.  A regular solution is assumed to have an entropy of 
mixing equal to that of an ideal solution but an enthalpy which differs from that of an ideal 
solution.  Both barium hafnate and barium cerate both has the same crystal structure and 
therefore is can be assumed the two materials will randomly disperse within each other 
approximating a regular solution.  A regular solution has an enthalpy of mixing of: 
 𝐻 = Ω𝑋 𝑋  (12) 
where Ω is a constant independent of temperature or composition.  Therefore, the free 
energy of mixing for a regular mixture is: 
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 𝐺 = Ω𝑋 𝑋 + 𝑅𝑇(𝑋 ln(𝑋 ) + 𝑋 ln(𝑋 )) (13) 
While free energy can provide information about the stability of compounds, it doesn’t 
provide a complete picture.  The free energy of a reaction describes the equilibrium 
condition, but if one or more of the products is absent or at a non-equilibrium concentration 
in the system, Le Chatelier’s principle states that the reaction will progress towards those 
products.  This relationship is described by the equilibrium constant, which relates to the 
free energy of the reaction by:    
 ∆𝐺 = −𝑅𝑇 ln(𝐾) (14) 






While this is a multivariable equation, it is greatly simplified by the fact that all the products 
and reactions in the system of interest, apart from the contaminates, are solids.  By 
definition, the activity of condensed phases is one and therefore the equation for the 







This relationship allows the creation of van’t Hoff plots which show the relationship 
between temperature and the critical pressure at which degradation products begin to 
form.[73] 
 
Figure 3-1 van’t Hoff plot for the reactions between BaMO3 with CO2.  The black 
line indicates 0.25 bar CO2, or approximately 25% at atmospheric pressure. (M=Hf, 
Zr, Ce) 
3.1.2 Material Selection 
There are three different dopant schemes to optimizing stability and performance in 
BaMO3 materials: 4+ elements into the B-site, 3+ elements into the B-site, and 1+ elements 
into the A-site.  Each dopant strategy will be reviewed briefly and the rational for how it 
will be studied will discussed. 
The first dopant system is 4+ elements into the B-site.  BaCeO3 and BaZrO3 solid solutions 
have been studied extensively and it is well known that the addition of zirconium into the 
B-site will increase the stability.[67], [69]  Additionally, titanium and tin have been studied 
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with limited success.[74]–[77]  Conversely, hafnium has yet to be considered.  To initially 
evaluate the thermodynamic stability of the BaHfO3-BaCeO3 system was compared to the 
BaZrO3-BaCeO3 system.  Figure 3-2 shows van’t Hoff plots for BaHfO3, BaZrO3, and 
BaCeO3 in both CO2 and H2O atmospheres.  At normal operation temperatures (500 – 
700oC) BaHfO3 is more stable than BaZrO3 in both CO2 and H2O which shows that a higher 
stability can be achieved through the replacement of zirconium with hafnium.  In the 
perovskite system.   
 
Figure 3-2 van’t Hoff plots for BaMO3 reacting with both CO2 (left) and H2O 
(right).  (M = Hf, Zr, Ce) 
The second dopant system is 3+ elements in the B-site.  The stability and conductivity 
effects have been widely studied in the BaCeO3 and BaZrO3 systems.[67], [78]–[82]  
Yttrium and ytterbium have been repeatedly shown to be the best dopants for those systems 
and are therefore a logical starting point.  However, the effects of trivalent dopants in the 
BaHfO3 system are expected to differ from the BaCeO3 or BaZrO3 systems and a better 
understanding is necessary to further improve performance.  
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Lastly, there has been very little experimental work on the effects of 1+ elements doped 
into the A-site.  However, it has been studied extensively with simulations.  DFT 
simulations have shown that A-site dopants in BaZrO3 can have a significant impact on its 
stability.  Moreover, those same simulations have shown that A-site dopants have higher 
stability with respect to carbon dioxide than yttrium, the most common B-site dopant. [46], 
[83], [84]  While these simulations have shown some interesting results, they are limited 
to fractions of the lattice and specific concentrations require lattices which are 
computationally unreasonable.  Therefore, experimental exploration is needed to fully 
understand the effects of A-site dopants on BaMO3 materials. 
3.2 Fabrication of Materials, Cell Components, and Single Cells 
3.2.1 Fabrication of BaHfxCe0.8-xY0.1Yb0.1O3-δ 
To begin the process of studying the chemical stability of BaHfxCe0.8-xY0.1Yb0.1O3  
(BHCYYb) we first began by fabricating high purity BHCYYb powder over the 
concentration range of BaHfxCe0.8-xY0.1Yb0.1O3 where X was varied in 0.1 increments from 
0 to 0.8.  To fabricate the high purity BHCYYb power, BaCO3, HfO2, CeO2, Y2O3 and 
Yb2O3 were combined in appropriate mole ratios.  The powders were mixed in ethanol 
using YSZ milling media for at least two hours.  The ethanol was evaporated, and the 
powder was pressed into 32 mm pellet at 15 tons, 15 grams at a time.  The resulting pellet 
was fired to 1100oC for 12 hours.  After the initial firing, the powder was ground in a high 
energy ball mill (Planetary Micro Mill PULVERISETTE 7 premium line) using 10mm 
media at 850 RPM for 4 cycles of 5 minutes each.  Again, the powder was pressed into a 
32mm pellet to 15 tons and fired to 1100oC for 10 hours followed by 1450oC for 5 hours.   
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3.2.2 Combustion method of powder synthesis 
An alternative powder fabrication process which is commonly used to produce nano-
powders is sol-gel combustion.  This process requires mixing EDTA, glycine, and metal 
ions (as nitrates) in a 1:1.2:1 mole ratio.  First a EDTA,-NH3 buffer solution was created 
by adding 1M NH4OH solution dropwise into a 0.1 M solution of EDTA to bring the pH 
to ~6.  Next the metal nitrates, in proper mole ratios, were added slowly.  The pH was 
regularly checked and NH4OH added as necessary to keep the pH constant.  Finally, the 
glycine was slowly added, again regularly checking the pH and adding NH4OH as 
necessary.  The solution was then dried on a hot-plate set at 150oC until a gel was formed.  
Once a gel was achieved, the hot-plate temperature was increased to 400oC until the gel 
auto-ignited creating a fine white powder.  Lastly, the powder was calcined at 1000oC. 
[59], [85]–[87] 
3.2.3 Sintering of BHCYYb 
To sinter BHCYYb, 1 weight percent NiO was added a sintering aid.[88]  The resulting 
mixture was ground in a high energy ball mill (10mm media at 850 RPM for 6 cycles of 5 
minutes each) to achieve a particle size of approximately 1 micron as shown in Figure 3-3.  
The resulting powder was pressed into pellets at 60.3 kg/cm2 (8 metric tons for a 13 mm 
diameter pellet).  The pellets were fired at 1450oC for 5 hours with a ramp rate of 3oC per 
min heat and cool.  This achieved a fully dense pellet as shown in Figure 3-4.  For BHCYYb 





Figure 3-3 SEM images of BaHf0.1Ce0.7Y0.1Yb0.1O3-δ powder after high energy ball 




Figure 3-4 SEM images of a BaHfxCe0.8-xY0.1Yb0.1O3 pellet cross section after 
sintering.  Scale bars are all 10 µm. 
 
3.2.4 Fuel Cell Fabrication 
Half cells with the configuration of Ni-BHCYYb anode supporting layer/Ni-BHCYYb 
anode functional layer/BHCYYb electrolyte layer were fabricated by the co-tape casting 
and co-sintering techniques. Specifically, the BHCYYb electrolyte powder, and the 
mixture of BHCYYb and NiO powder (NiO:YSZ=6:4 by weight) were mixed in ethanol 
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to form slurries. The slurry for tape casting was ethanol based and contained dispersing 
agent, binder, plasticizer and other additives, in addition to powder. The electrolyte layer 
was cast onto the Mylar film first. After drying, the anode functional layer was cast on top 
of the electrolyte layer, followed by the anode supporting layer. The tri-layer was then 
dried and co-sintered at 1400 °C for 5 hours in air.  A PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) 
was added by screen printing the mixture of PBSCF powder and terpineol (5wt% ethyl 
cellulose) onto the electrolyte layer and firing at 950 °C for 2 hours in air.  The PBSCF 
was synthesized by the combustion method described above. 
3.3 Physical Characterization of Materials 
3.3.1 X-ray Diffraction 
XRD was used to confirm the phase of the materials and identify the degradation phases.  
X-rays are diffracted by the crystal lattice.  Bragg’s Law defines the wavelengths at which 
the diffracted x-rays will constructively interfere: 
 n𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (17) 
Where n is the diffraction harmonic, 𝜆 is wavelength, 𝑑 is inter-planar spacing, and 𝜃 is 
scattering angle.  The x-ray intensity is measured as a function of 2𝜃.  By comparing the 
position and intensity of the peaks to information in either the ICDD PDF-4+ database or 
the Crystallographic Open Database, the phase or phases present can be determined.   
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Figure 3-5 Schematic of how Bragg’s Law determines lattice spacing.  (Reproduced 
from public domain image courtesy of Wikimedia Commons)[89] 
In addition to simply phase identification, Rietveld refinement can be performed on the x-
ray diffraction pattern to determine information about the material.  Most common the 
lattice parameters are determined, but information about crystallite size, strain, and 
elemental composition can also be determined with carful refinement.  Moreover, if 
refinement is completed on a mixture of phases, the ratio of phases can be determined, 
although the other information gained, such as lattice parameter, become less accurate as 
the number of phases increases.  Refinement will be completed in the Highscore Plus 
software package made by Panalytical. 
3.3.2 Thermo-Gravimetric Analysis (TGA) 
Thermo-gravimetric analysis (TGA) is a common technique for determining the 
temperature at which reactions occur by monitoring the mass of a sample as a function of 
temperature.  In the case of BHCYYb, the sample would be exposed to CO2 and if the 
sample reacted with the CO2 the mass would increase as the sample degraded to BaCO3.   
However, in the case of BHCYYb, there were two complications which needed to be 
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addressed in order to accurately study the stability.  The first complication was that 
BHCYYb and similar materials are more stable at higher temperatures than at lower 
temperatures.[70]  Therefore, if the TGA was run using the standard practice of increasing 
the temperature from room temperature to the temperature range of interest, the results 
would be skewed.  To address this issue, the sample would be studied during cooling rather 
than heating.  In order to reach the starting temperature without first reacting the sample, 
the analysis chamber would be flushed with argon.  Once completely purged, the sample 
was quickly heated to the initial temperature of 1000oC.  At 1000oC the gas was switched 
to CO2 and the temperature slowly reduced to 400oC at 1oC per minute.  The temperature 
and gas profiles for the experiments is shown in Figure 3-6 (a).  A cooling rate of 1oC per 
minute was chosen to address the second major concern, the slow kinetics of the 
degradation reaction.  Figure 3-6 (b) shows the cooling of BZCYYb-1711 in CO2 with 
cooling rates from 10oC per minute to 0.5oC per minute.  As the cooling rate decreases, the 
amount of degradation increases as well as the temperature at which the degradation 
occurs.  However, once the cooling rate is 1oC per minute, decreasing it further does not 
change the degradation profile.  Therefore, 1oC per minute was chosen for all the TGA 
experiments.   
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Figure 3-6 (a) Standard temperature and gas flow profiles for the TGA stability 
experiments.  (b) Effect of the cooling rate on mass increase of BZCYYb in CO2. 
3.3.3 Long-Term Chemical Stability 
While the TGA discussed above will provide an effective first test of BHCYYb’s stability, 
it has a couple of limitations.  The first is that SOFCs and similar systems have more 
complex gas mixtures.  Specifically, they have high concentrations of hydrogen and water 
present, neither of which can be used in the TGA.  The second is that SOFCs need to 
operate over extended periods of time at least thousands of hours.  Therefore, the TGA 
results need to be verified over longer periods of time to ensure there is no degradation 
with kinetics too slow to be detected with the TGA.   
In order to test the long-term chemical stability of BHCYYb, dense pellets fabricated 
according to the procedure above.  These dense pellets were then exposed to various gas 
environments for 500 hours at 700oC.  Due to BHCYYb’s higher stability at higher 
temperatures, all temperature ramps and cooling was done in pure argon and the 
contaminate gases introduced once the furnace reached the test temperature.  After 
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exposure, XRD was performed on the dense pellets.  The XRD provided two pieces of 
valuable information.  The first is the phases of the degradation products.  The second is 
the relative extent of the degradation.  Rietveld refinement was used to determine the 
amount of BZCYYb or BHCYYb remaining after exposure to the degradation environment 
and because x-rays penetrate BHCYYb and the degradation products to approximately the 
same extent the amount of BHCYYb detected relative to the degradation products is related 
to the extent of the degradation and therefore the degradation rate. 
3.3.4 Long-Term Conductivity 
Finally, once the long-term chemical stability was known, the long-term conductivity was 
needed to verify it would follow similar trends as the chemical stability.  To determine this, 
dense pellets of BZCYYb and BHCYYb were prepared as discussed earlier.  Once dense 
pellets were obtained, silver electrodes were applied to opposite sides.  Silver was chosen 
as it is considered inert in these conditions and should not degrade over the course the tests.   
The pellets were then exposed to 25% CO2, 25% H2O, and 50% H2 at 700oC for 500 hours.  
The conductivity was recorded approximately every 24 hours over the course of the 500-
hour test using electrochemical impedance spectrometry. 
3.4 Electrochemical Characterization 
3.4.1 Conductivity 
Conductivity measurements were made on dense pellets.  Silver electrodes were added 
using silver paste and adhered by firing at 800oC for 2 hours.  Ionic conductivity was 
measured with electrochemical impedance spectroscopy (EIS).   In simplified terms, EIS 
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measures the impedance of the cell by applying a small AC bias (eg 10mV) around a fixed 
voltage over a frequency range and measuring the magnitude and phase of the current 
response.  The impedance contributions of the different aspects can be modeled by 
equivalent circuit elements of resistors, capacitors, and inductors.  Total impedance is 
referred to as “Z” and is written as vector shown below: 
 Z = 𝑍 − 𝑗𝑍  (18) 
The real component of impedances comes from the resistive elements and is frequency 
independent.  The imaginary components are from the capacitance and inductive elements 
and are frequency dependent.  These relationships are shown below where 𝑅 is resistance, 
𝐿 is inductance, 𝐶 is capacitance, 𝜔 is frequency of the applied voltage and 𝑗 is the 
imaginary unit √−1 
 𝑍 = 𝑅 (19) 
 𝑍 , = 𝑗𝜔𝐿 (20) 




There are several approaches to plotting the resulting data, but the most useful for the 
applications in the work is the Nyquist plot, or a plot of the real impedance vs negative 
imaginary impedance.  Figure 3-7 (a) shows a simple circuit and Figure 3-7 (b) shows its 
Nyquist plot.  In actuality, the equivalent circuits are much more complicated with several 
resistor-capacitor pairs, which can often overlap in the Nyquist plot.  Moreover, diffusion 
can also create an impedance element known as a Warburg impedance.  It will result in a 
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linear relationship with a slope of -1/2 between the real and imaginary impedance.[90]  To 
simplify the interpretation of the EIS spectra, the first intercept (R1) is considered to be the 
“bulk” resistance, or the resistance through the material, and the difference between the 
first and second intercept (R2) is considered to be the “polarization” resistance, which is 
caused by the reactions at the electrode surfaces.  For the majority of the EIS performed in 
this work, only the bulk resistance is considered. 
 
Figure 3-7 A simple circuit (a) and it’s equivalent Nyquist plot (b). 
3.4.2 Transference Numbers  
EIS only provides the total resistance.  It does not distinguish between different types of 
charge carriers.  However, for the development of an electrolyte, it is crucial to ensure that 
the is minimal electronic conductivity.  The ratio of the different current carriers is known 
as the transference number.   
The transference number can be determined by exposing each side of the cell to different 
gasses or different gas concentrations.  Figure 3-8 shows a schematic of the testing 
apparatus for the transference number tests.  The different gas composition will induce a 
voltage across the cell due to the difference in chemical potential.  This open circuit voltage 
can be expressed as: 
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𝑑𝜇∗  (22) 
Where the chemical potential of species k is: 
 𝜇∗ =  𝜇 + 𝑧 𝜇  (23) 
𝜇  is the electrochemical potential of species k, 𝜇  is the electrochemical potential of 
electrons, 𝑡 is the transference number for species k, and 𝑧  is the charge number of species 
k.[91] 
 
Figure 3-8 Schematic of testing apparatus for transference number tests. 
In this work, only the total ionic transference number was determined (ie, the sum of both 
protons and oxygen ions).  The transference number was determined for a hydrogen 
environment as well as a SOFC operating environment: hydrogen with 3% water on one 
side and 20% oxygen (air) on the other. For the hydrogen environment, Equation (22) can 












For the SOFC operating environment with pure hydrogen on side of the cell and 20% 
oxygen on the other, we can use the similar Nernst equation for oxygen, shown in Equation 
(25)  The oxygen concentration on the hydrogen side was calculated 
thermodynamically[70] which has been shown to have good agreement with values 










3.4.3 Fuel Cell and Electrolysis Cell Testing 
Cells were tested by first sealing to an alumina tube support using Aremco Ceramabond 
552.  The cells were then placed into the testing furnace and heated to 800oC.  Once at 
temperature, the fuel side of the cell was flushed with argon to remove any oxygen.  Next 
hydrogen with 3% water was introduced to the anode for at least 4 hours to fully reduce 
the nickel oxide.  After reduction, the furnace temperature was reduced to the desired 
operating temperature.  For SOFC testing, the gases were hydrogen with 3% water on the 
anode and ambient air on the cathode.  For steam electrolysis, fuel side gas was hydrogen 
with 3% water and the oxygen side gas was synthetic air with 12% water.  Finally, for CO2-
H2O co-electrolysis, the fuel side gas was 16% CO2, 84% H2 with the gas mixture hydrated 
to 3% water.  The oxygen side gas was syntactic air with 3% water.  The voltage and current 
control were performed by an Arbin potentiostat.  Cells were evaluated for their 
performance through voltage sweeps at 5 mV/second and recording the current response 
and calculating power produced or required (for electrolysis).  Additionally, for electrolysis 
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cells, the round-trip power efficiency was also calculated.  The round-trip power efficiency 
is the ratio of power in fuel cell mode at a set temperature and current density to the power 
required to operate in electrolysis mode under the same conditions.  Finally, the long-term 
performance of the reversable fuel cells and electrolysis cells were performed at constant 
current densities of both 0.5 A/cm2 and 1 A/cm2.   
  
 32
 A NEW PROTON CONDUCTING BARIUM 
PEROVSITE ELECTROLYTE BASED ON BARIUM CERATE 
AND BARIUM HAFATE 
4.1 Research Objectives 
There has been a shift away from hydrogen operated SOFCs to multi-purpose systems, 
which can operate on hydrocarbon fuels as well as operate in electrolysis mode to produce 
a variety of gases including hydrogen, syn-gas, ammonia, and others.  However, the current 
state-of-the-art materials were developed for the hydrogen system and lack stability against 
contaminates which are becoming more common in the new use-cases, specifically 
extremely high concentrations of CO2 and water.  There is a need to develop new materials 
which are stable in these environments but do not hinder device performance.  To that end, 
this chapter will attempt to achieve the following objectives: 
1. Develop a new proton conducting material, with higher theoretical stability, 
through the replacement zirconium with hafnium in the BZCYYb system. 
2. Demonstrate the newly developed material’s performance as an electrolyte for 
SOFCs and SOECs. 
4.2 Structure and Lattice Parameters of BHCYYb 
After it was verified that the BaHfO3-BaCeO3 system was more theoretically stable than 
that of the BaZrO3-BaCeO3 system, zirconium was replaced by hafnium in the BZCYYb 
system and it was determined if the new, BHCYYb material would retain the same 
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structure as BZCYYb.  Figure 4-1 shows the XRD of BHCYYb at different hafnium 
concentrations.  The XRD spectrum matches that of a fully cubic perovskite with a space 
group of 𝑃𝑚3𝑚.  As the hafnium concentration increases, the peaks positions shift to 
higher two thetas, which indicates a decrease in the lattice parameter.  This is as would be 
expected as hafnium has a smaller ionic radius that cerium; 85 pm for hafnium and 101 for 
cerium.[72]  The lattice parameters were calculated using Rietveld refinement in the 
HighScore Plus software.  When plotted against the concentration of hafnium in the B-site 
as shown in Figure 4-2, it can be seen the lattice parameters follow a linear relationship in 
agreement with Vegard's law,[93] further confirming the desired materials were obtained.   
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Figure 4-1 X-ray diffraction spectrum of BaHfxCe0.8-xY0.1Yb0.1O3 for different 




Figure 4-2 Lattice parameters of BaHfxCe0.8-xY0.1Yb0.1O3-δ as a function of hafnium 
concentration  
4.3 Conductivity and Activation Energy 
Once the desired material was obtained and the structure was verified to be correct, the 
conductivity and activation energy needed to be compared to that of the current state-of-
the-art material, BZCYYb.  Figure 4-3 shows example Nyquist plots of the EIS scans for 
BaHf0.1Ce0.7Y0.1Yb0.1O3-δ.  The conductivity of BHCYYb in 3% H2O in Ar at different 
hafnium concentrations is shown in Figure 4-4.  The conductivity is inversely proportional 
to the concentration of hafnium, except for BHCYYb-7111.  Interestingly, at higher 
temperatures BHCYYb-7111 has higher conductivity than BHCYYb-5311 and about the 
same conductivity as BHCYYb-4411.  This is due to the increase in activation energy 
caused by the higher hafnium concentration.  The activation energy is calculated using the 
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Arrhenius equation for ionic conductivity shown in Equation (26).    The Arrhenius 
equation can be rearranged to match a linear equation with the slope equal to activation 
energy over the Boltzmann constant shown in Equation (27).  The best fit lines and 
activation energies are shown in Figure 4-5.  The activation energy of BHCYYb-7111 is 
almost twice that of BHCYYb-1711.  While the higher activation at high hafnium 
concentration energy results in higher conductivities at higher temperatures it also results 


















Figure 4-3 Nyquist plots of the impedance spectroscopy of BaHf0.1Ce0.7Y0.1Yb0.1O3-δ 




Figure 4-4 Conductivity of BaHfxCe0.8-xY0.1Yb0.1O3-δ in 3% H2O in Ar as a function 




Figure 4-5 Conductivity of BaHfxCe0.8-xY0.1Yb0.1O3-δ in 3% H2O in Ar plotted 
according to the Arrhenius equation for ionic conductivity (top) and activation 
energy of BaHfxCe0.8-xY0.1Yb0.1O3-δ (bottom) 
When the conductivity of BHCYYb is compared to the state of the art BZCYYb, shown in 
Figure 4-6, a couple of interesting trends emerge.  First, we see that the activation energy 
of both BZCYYb and BHCYYb is approximately the same.  However, when the 
conductivity is compared as a function of dopant concentration, we see that at low hafnium 
or zirconium concentrations, the hafnium doped material outperforms the zirconium doped.  
As the concentration is increased, the conductivity decreases as would be expected for both 
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zirconium and hafnium.  Yet the hafnium doped version decreases at a higher rate than the 
zirconium doped version.  At 30% doped, both materials have approximately the same 
conductivity and at high dopant concentrations, the zirconium outperforms that of the 
hafnium variant.   
 
Figure 4-6 Conductivity of BaZrxCe0.8-xY0.1Yb0.1O3-δ (circles) and BaHfxCe0.8-
xY0.1Yb0.1O3-δ (diamonds) in argon with 3% H2O.  Left: Conductivity from 10% to 
40% hafnium or zirconium as a function of temperature in argon with 3% H2O.  
Right: Conductivity as a function of dopant concentration for 650oC, 700oC, and 
750oC. 
  One possible explanation is supported by recent DFT calculations.[94]  Conductivity is a 
function of both the charge carrier concentration and the mobility of those charge carriers.  
Figure 4-7 (a) shows the proton concentrations of BaZrO3 and BaHfO3 and Figure 4-7 (b) 
shows the proton jump rates, an analog for mobility.  BaHfO3 has a much higher proton 
concentration but lower proton jump rate.  This suggests that hafnium and zirconium effect 
the charge carrier concentrations and mobilities differently.  Hafnium enhances water 
uptake over zirconium and therefore has a higher charge carrier concentration but, the Hf-
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Y-Hf structure traps protons more strongly than the Zr-Y-Zr structure.  As the zirconium 
or hafnium concentration increase, the trapping effect overwhelms the increase in charge 
carriers resulting in an overall lower conductivity.  Moreover, since the trapping effect is 
stronger in BaHfO3, hafnium will decrease the conductivity more as its concentration is 
increased.  
 
Figure 4-7 Proton concentration (a) and proton jump rate (b) of BaZrO3 and 
BaHfO3 
4.4 Transference Number 
As was mentioned above, another important criterion for an electrolyte material in addition 
to conductivity is its transference number, or ratio of ionic to electronic conductivity. If 
there is any significant electronic conductivity, the electrolyte cannot effectively separate 
the anionic and cathodic reactions reducing the overall performance.  The transference 
number of BHCYYb was measured in two different gas environments.  First, it was 
measured in a hydrogen atmosphere (20% and 5% with Ar balance).  This is due to 
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electrolyte materials often being used in a cermet with nickel on the anode side of cells.  
The ionic transference numbers are shown in Figure 4-8.  As the temperature is decreased, 
the transference number increases.  This is common behavior for many ionic conductors 
and is caused by the intrinsic decrease in bandgap at higher temperatures.[95]  
Additionally, we see that BHCYYb-1711 has the lowest transference number across 
temperatures. This is most likely due to the higher reducibility of cerium compared to 
hafnium, which results in slightly higher electronic conductivity.[96]   
 
Figure 4-8: Total ionic transference number of BHCYYb in 20% H2//5% H2 with 
argon balance from 500oC to 750oC 
In addition to a hydrogen atmosphere, the transference number was also determined for a 
“SOFC” atmosphere.  The SOFC atmosphere represents realistic operating conditions and 
consists of ambient air on one side of the cell (20% oxygen, 80% nitrogen) and hydrogen 
with 3% water on the other.  The transference number for the SOFC environment is shown 
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in Figure 4-9.  In this case, the expected behavior of a decreasing ionic transference number 
as the temperature increases is seen, but the decrease is more pronounced.  This is most 
likely caused by the increase in the oxygen partial pressure.  At any given temperature, an 
increase in the oxygen partial pressure will fill the oxygen vacancies created by the trivalent 
dopants.  In order to balance the charge of the filled vacancies, holes must be formed as 
shown in Equation (28). The holes mobility increases faster with increasing temperature 
than ionic species so the increase in electronic conductivity is more pronounced at higher 
temperatures.[95]  This is also supported by the ionic transference numbers for 
BaCe0.95Y0.05O3 which have been shown to be close to ~0.9 in hydrogen atmospheres but 
~0.6 in oxygen atmospheres.[91]  Finally, we can see that increasing the concentration of 
hafnium decreases the transference number.   
 1
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Figure 4-9: Total ionic transference number of BHCYYb in an SOFC environment 
(H2 with 3% H2O//ambient air) from 500oC to 750oC 
 
4.5 Full Cell Performance 
Finally, BHCYYb was used to fabricate full cells in order to test its performance under 
realistic operating conditions.  Figure 4-10 shows the current-voltage and power curves for 
BHCYYb-1711 and BHCYYb-3511 at 700oC and 650oC as well as the EIS curves at those 
temperatures.  BHCYYb-1711 had a peak power density of  1.67 W/cm2 and 1.45 W/cm2 
at 700oC and 650oC.  BHCYYb-3511 had slightly lower performance at 1.37 W/cm2 and 
1.16 W/cm2 at 700oC and 650oC respectively.  The EIS data shows this is due to higher 
bulk resistance in the BHCYYb-3511 cell while the polarization resistance remains 
approximately the same.  This implies that the lower performance is due to the electrolyte 
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and not the anode or cathode.  BHCYYb-3511 has been shown to have a lower conductivity 
than BHCYYb-1711 so it would follow that the BHCYYb-3511 cells would have higher 
bulk resistance.  However, while the BHCYYb-3511 does have lower overall performance, 
the performance is similar to other proton conducing SOFCs reported in literature as shown 
in Figure 4-11.[60], [61], [97]–[99] 
 
Figure 4-10: (a)-(b) Current-voltage and power curves for BHCYYb-1711 and 
BHCYYb-3511 at 700oC and 650oC respectively.  (c)-(d) Electrochemical impedance 
spectrometry curves of BHCYYb-1711 and BHCYYb-3511 at 700oC and 650oC 




Figure 4-11: Maximum power density of BHCYYb-1711 full cell compared to other 
high performing proton conducting SOFCs. [60], [61], [97]–[99]   
4.6 Conclusions 
Thermodynamics has suggested that when zirconium is replaced with hafnium in 
BZCYYb, the stability should increase.  Therefore, a new material family, BaHfxCe0.8-
xY0.1Yb0.1O3 (BHCYYb) was fabricated.  The conductivity and activation energy of this 
new material was determined to be higher than the current state-of-the-art BZCYYb at low 
Zr/Hf concentrations (10% and 20%).  However, as the Zr/Hf concentrations increased, 
both BZCYYb’s and BHCYYb’s conductivity decreased but BHCYYb decreased at a 
faster rate.  This led to the 30% doped BHCYYb and BZCYYb having approximately the 
same conductivity and BZCYYb had higher conductivity at high Zr/Hf concentrations.  In 
addition to conductivity, the transference number of BHCYYb was measured in hydrogen 
and in an SOFC condition (air//H2 with 3% H2O).  At SOFC operating temperatures the 
transference number was above 0.9.  It was shown that as the temperature was increased 
the transference number dropped as would be expected because of temperature effect on 
the bandgap.  Additionally, a higher hafnium concentration increased the transference 
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number in hydrogen but decreased in an SOFC condition.  Finally, BHCYYb was used to 
fabricate a full lab-scale fuel cell.  The performance of this cell was similar or better to that 
of current top performing SOFCs in literature.  However, as hafnium was increased, the 
performance of the cells decreased due to the decrease in bulk conductivity.  Overall, 
BHCYYb has been shown to be an excellent proton conducting electrolyte with 
performance similar to current state-of-the-art materials.   
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 IMPROVED STABILITY OF BARIUM 
PEROVSKITES BY REPLACEMENT OF ZIRCONIUM WITH 
HAFNIUM  
5.1 Research Objectives 
In the previous chapter, a new material was developed and tested as an electrolyte for 
SOFCs and SOECs.  However, this development was predicated on the notion that the 
replacement of zirconium with hafnium would improve the stability of the material. 
Theoretical calculations indicate that this material should have the increased stability, but 
those calculations were based on implied models in pure gas environments and it is 
important to test new materials in realistic conditions as there are often differences between 
simplified models and realistic operating conditions.  Therefore, this chapter will attempt 
to meet the following objectives: 
1. Evaluate the long-term stability of the newly developed BHCYYb electrolyte 
material in realistic operating conditions. 
2. Identify the degradation mechanisms of barium perovskite proton conducting 
electrolytes in realistic operating conditions. 
5.2 Stability Verification Through TGA 
To initially test the stability of the new BHCYYb material in comparison to BZCYYb, 
TGA was performed in pure CO2.  CO2 was chosen over H2O for two reasons: firstly, both 
BZCYYb and BHCYYb are theoretically more reactive to CO2 than H2O; secondly, H2O 
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is very difficult to introduce into a TGA as the phase change from liquid to vapor can 
disrupt the very sensitive mass measurements.    Figure 5-1 shows the weight gain of the 
BZCYYb (a) and BHCYYb (c) as it reacts with the CO2 to form BaCO3 and CeO2.  Figure 
5-1 (b) and (d) show the derivatives of the cooling curves with the peaks representing the 
temperature at which the material becomes unstable.  The TGA confirms that BZCYYb 
and BHCYYb are more stable at higher temperatures.  It also shows that BHCYYb is more 
stable than BZCYYb.  At 10% dopant concentration, both BZCYYb and BHCYYb degrade 
quite significantly.  At 20%, they both again degrade but we start to see that BHCYYb 
degrades to a lesser extent.  Moreover, the derivative peaks for BHCYYb are broader and 
less intense, indicating the degradation reaction rate is slower.  Finally, at 30%, BHCYYb 
is completely stable, with a slight decrease in weight due to intrinsic vacancy formation, 
while BZCYYb still degrades.  This shows that hafnium doped BHCYYb has a higher 
stability that BZCYYb against CO2. 
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Figure 5-1 Thermogravimetric analysis of BaHfxCe0.8-xY0.1Yb0.1O3-δ (a) and 
BaZrxCe0.8-xY0.1Yb0.1O3-δ (c) powders cooled in pure CO2 from 1000oC to 400oC.  
The derivatives of the cooling curves are shown in (b) and (d) \ 
In order to identify the degradation phase, Raman spectroscopy was performed on the 
powders after the TGA tests and the spectra are shown in Figure 5-2.  There are several 
peaks present in the Raman spectra.  The peaks at 693 cm-1, 1060 cm-1, and 1423 cm-1can 
be attributed to barium carbonate.[100]  The peaks at 470 cm-1and 1175 cm-1can be 
attributed to CeO2.[101]  Most likely the CeO2 phase is a solid solution between CeO2 and 
 50
ZrO2 or HfO2 respectively.   Moreover, the yttrium and ytterbium are most likely in the 
fluorite phase.  This is supported by the shoulder on the 693 cm-1 peak.[102]  The broad 
peak at ~600 cm-1 can be attributed to the perovskite phase.[103]  In addition to identifying 
the degradation phases as BaCO3 and CeO2, the Raman also verifies the hafnium-based 
material is more stable than the zirconium-based material.  For the 30% zirconium doped 
material, there is clearly a BaCO3 peak present at 1060 cm-1 but no peak is present in the 
30% hafnium doped material.   
 
Figure 5-2 Raman spectra of BHCYYb and BZCYYb powders after TGA analysis 
in CO2. BaCO3 and CeO2 peak positions are shown. 
5.3 Long-Term Chemical Stability   
After the TGA analysis it was obvious hafnium had potential to improve stability.  
However, evaluation under more real-world conditions was needed.  In addition to CO2, 
water is very common in proton conducting electrolytes.  Therefore, the stability of 
BHCYYb was compared to that of BZCYYb after long term exposures to both CO2 and 
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water independently and together.  XRD and Rietveld refinement was used to determine 
the extent of degradation after exposure as described earlier.  The results for of the 
refinement are tabulated in Table 5-1 and Table 5-2. 
Figure 5-3 and Figure 5-4 show the XRD patterns of BHCYYb and BZCYYb respectively 
after exposure to 25% CO2 in argon at 700 oC for 500 hours.  The results match those from 
the TGA analysis.  Both 10% hafnium and 10% zirconium degrade significantly.  At 20% 
the difference is more significant with BHCYYb only degraded 28% where as BZCYYb 
degraded 66%, again showing that BHCYYb is more stable.  Finally, at 30% and 40% 
dopant concentrations, both BHCYYb and BZCYYb showed minimal degradation, within 
the resolution of the XRD analysis.   
Figure 5-5 and Figure 5-6 show the XRD patterns of BHCYYb and BZCYYb respectively 
after exposure to 25% H2O in argon at 700 oC for 500 hours.  There does not appear to be 
any detectable degradation form water along to either BHCYYb or BZCYYb at any dopant 
concentration.  This is in line with the thermodynamic predictions carried out earlier which 
suggested that barium perovskites are more susceptible to CO2 degradation than they are 
to water.  The boiling point of Ba(OH)2 is 780oC so it is possible that barium hydroxide is 
formed but is not seen in the x-ray diffraction due to evaporation.  However, if this was 
occurring at high rates, CeO2 would be expected to be present in the finial x-ray diffraction 
patterns.  The absence of CeO2 indicates that any formation of Ba(OH)2 is minor.  Due to 
the lack of obvious degradation, Rietveld refinement was not carried out on these samples.   
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Figure 5-3 X-ray diffraction patterns of dense BaHfxCe0.8-xY0.1Yb0.1O3-δ pellets after 
exposure to 25% CO2 75% Ar at 700oC for 250 hours. 
 
Figure 5-4 X-ray diffraction patterns of dense BaZrxCe0.8-xY0.1Yb0.1O3-δ pellets after 
exposure to 25% CO2 75% Ar at 700oC for 250 hours. 
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Figure 5-5 X-ray diffraction patterns of dense BaHfxCe0.8-xY0.1Yb0.1O3-δ pellets after 
exposure to 25% H2O 75% Ar at 700oC for 250 hours. 
 
Figure 5-6 X-ray diffraction patterns of dense BaZrxCe0.8-xY0.1Yb0.1O3-δ pellets after 
exposure to 25% H2O 75% Ar at 700oC for 250 hours. 
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Finally, Figure 5-7 and Figure 5-8 show the XRD patterns of BHCYYb and BZCYYb 
respectively after exposure to 25% CO2,  25% H2O, and 50% H2 at 700 oC for 500 hours.  
The degradation follows the same trend as with the 25% CO2 in argon but in all cases, the 
degradation is more severe.  One possible explanation is a synergistic effect between the 
water and CO2.  While the reaction of barium perovskites with water is not 
thermodynamically favourable, it is possible that the high water concentration is driving 
the formation of a small amount of Ba(OH)2.  The concentration of water would be further 
increased by the reduction of CO2 to CO by the hydrogen as show in Figure 5-9.  The 
increased water concentration would further drive the formation of Ba(OH)2 through Le 
Chatelier’s principle.  Finally, the reaction of Ba(OH)2 with CO2 to form BaCO3 is very 
energetically favourable.  This reaction with CO2 removes the Ba(OH)2 from the system 
driving further production of additional Ba(OH)2 and accelerating the degradation.  
Another possible explanation which is less straightforward is a synergistic effect between 
the CO2 and hydrogen.  Hydrogen is known to reduce cerium in BZCYYb and BHCYYb 
as was shown with the transference number measurements.  Either this reduction or the 
resulting increase in oxygen vacancies may cause increased degradation.  However, further 
long-term studies and computer simulations are needed to fully understand the degradation 




Figure 5-7 X-ray diffraction patterns of dense BaHfxCe0.8-xY0.1Yb0.1O3-δ pellets after 
exposure to 50% H2 25% CO2 & 25% H2O at 700oC for 500 hours. 
 
Figure 5-8 X-ray diffraction patterns of dense BaZrxCe0.8-xY0.1Yb0.1O3-δ pellets after 
exposure to 50% H2 25% CO2 & 25% H2O at 700oC for 500 hours. 
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Table 5-1 Weight percent of the degradation phases present in BHCYYb after 
exposure to degradation conditions as determined by Rietveld refinement. 
Concentration of Hf in B-site 0.1 0.2 0.3 0.4 
25% CO2 in Ar 84.2% 28.0% 1.5% 3.5% 
25% CO2, 25% H2O, & 50% 
H2 
100% 80.1% 7.6% 1.1% 
Table 5-2 Weight percent of the degradation phases present in BZCYYb after 
exposure to degradation conditions as determined by Rietveld refinement. 
Concentration of Zr in B-site 0.1 0.2 0.3 0.4 
25% CO2 in Ar 84.1% 65.6% 1.2% 2.0% 
25% CO2, 25% H2O, & 50% 
H2 
99.9% 93.5% 9.9% 0.2% 
 
 
Figure 5-9 Thermodynamic equilibrium concentration of gasses of a 25% CO2, 25% 
H2O, 50% H2 starting gas mixture.[70]   
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5.4 Long-Term Conductivity Under Degradation Conditions 
Once the long-term chemical stability was determined, the long-term conductivity was 
tested.  Figure 5-10 shows the conductivity of BHCYYb and BZCYYb with 10%, 20%, 
30%, and 40% conductivity over the course of 500 hours when exposed to 25% CO2, 25% 
H2O, and 50% H2 at 700oC.  We can see that at 10% for both zirconium and hafnium, the 
conductivity rapidly decreases over the first 100 hours.  While the degradation rate does 
slow after the initial 100 hours, it does continue for the remainder of the test.  At 20% we 
again see both BHCYYb and BZCYYb degrade, although at slower rates than the 10%.  
The degradation is steadier throughout the test, rather than an initial sharp decrease.  At 
30% we see that the both BZCYYb and BHCYYb appear very steady throughout the test.  
BHCYYb appears to have a higher conductivity throughout the test but based on the results 
presented earlier in Figure 4-6 BHCYYb and BZCYYb at 30% dopant level should have 
similar initial conductivities.  It is possible that there was some initial degradation in the 
zirconium sample, which was not captured in the first datapoint, or the BZCYYb sample 
used in this test has unusually low conductivity.  Finally, at 40% dopant concentration, 
both materials are very steady throughout the entire 500 hours, but their conductivity is 
lower than that of the 30% samples.   
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Figure 5-10 Conductivity of BHCYYb and BZCYYb over 500 hours when exposed 
to 25% CO2, 25% H2O, and 50% H2 
 
5.5 Electrolysis Performance 
Lastly, the performance of BHCYYb was tested as an electrolyte for electrolysis operation.  
Electrolysis requires high concentrations of water, for hydrogen production, and/or carbon 
dioxide, for syn gas production.  The first tests were on steam electrolysis to produce 
hydrogen.  Cells were fabricated with BHCYYb-3511 as the electrolyte and PBSCF as the 
cathode. The current voltage curves for an electrolysis cell with humidified hydrogen on 
the fuel side and 3% H2O on the air side are shown in Figure 5-11.  The round-trip power 
efficiencies at 0.5 A/cm2 are 88%, 85%, and 79% at 700oC, 650oC, and 600oC respectively.  
The round-trip efficiencies are slightly lower at 1 A/cm2.  They are 78%, 72%, and 62% at 
700oC, 650oC, and 600oC respectively.   
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Figure 5-11 Current-voltage curves for an electrolysis cell with BHCYYb-3511 as 
the electrolyte at 700oC, 650oC, and 600oC with H2 on the fuel side and air on the 
oxygen side, both gases contained 3% H2O. 
Once the initial performance had been established, the long-term stability of the cell needed 
to be tested.  Two different stability tests were conducted.  First a reversable fuel cell test 
where the cell was cycled between SOFC and SOEC mode every two hours at 0.5 A/cm2 
and 600oC shown in Figure 5-12(a).  A small amount of degradation was observed in fuel 
cell operation, but that degradation did not affect the electrolysis performance, which was 
stable throughout the test.  Additionally, the material was tested in electrolysis mode for 
over 1000 hours at 1 A/cm2.  The long-term stability, shown in Figure 5-12(b) was shown 




Figure 5-12 (a) BHCYYb-3511 cell tested as a reversible fuel cell at 0.5 A/cm2, 
alternating between SOFC and SOEC operation every 2 hours. (b) long term 
stability tests of BHCYYb-3511 based electrolysis cell tested at 1 A/cm2 and 0.5 
A/cm2. 
Lastly, the performance of BHCYYb was tested as an electrolyte for CO2-H2O co-
electrolysis.  Co-electrolysis is used to produce syn-gas (CO+H2) which is used for most 
modern chemical production.  It could also provide a more economically viable method of 
carbon capture at fossil fuel power plants.   Based on the stability tests performed 
previously, it was known that BHCYYb is quite stable against water, so the high stability 
seen in the steam electrolysis was expected.  However, BHCYYb is much more susceptible 
to carbon dioxide, especially at low hafnium concentrations.  Therefore, stability was tested 
for both BHCYYb-1711 and BHCYYb-3511.  Figure 5-13(a) shows the current voltage 
curves of the cell in 16% CO2 in hydrogen (gas mixture humidified to 3% water) on the 
fuel side and humidified air on oxygen size.  Figure 5-13(b) shows the long-term 
performance for CO2-H2O co-electrolysis using BHCYYb-3511 as the electrolytes at 
600oC and 0.5 A.cm2 and that is compared to cells with BZCYYb-1711 and BZCYYb-
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3511 used as the electrolyte.  We can see that both BZCYYb based cells degraded within 
50 hours while the BHCYYb cell is stable for close to 100 hours.   
 
Figure 5-13 (a) Current-voltage curves of BHCYYb-3511 as the electrolyte for CO2-
H2O co-electrolysis.  (b) Long-term performance of BHCYYb-1711 and BHCYYb-
3511 as electrolytes for CO2-H2O co-electrolysis at 600oC and 0.5 A/cm2. 
5.6 Conclusions 
Overall, BaHfxCe0.8-xY0.1Yb0.1O3-δ appears to have slightly higher stability than that of 
BaZrxCe0.8-xY0.1Yb0.1O3-δ and 30% hafnium is needed to stabilize the material at any 
concentration of CO2, but 40% zirconium is needed.  The initial TGA results showed that 
at a 30% dopant level, BHCYYb is completely stable in CO2 with no barium carbonate 
formation while BZCYYb does form a small amount of barium carbonate.  The long-term 
chemical stability tests showed again that BHCYYb is more stable than BZCYYb with less 
degradation at the same dopant levels.  The long-term tests also revealed the degradation 
products and mechanism.  When the conductivity of BHCYYb and BZCYYb were tested 
in realistic operating conditions, the conductivity trend matches that of the chemical 
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stability.  10% and 20% BHCYYb and BZCYYb both degrade with 20% degrading at a 
slower rate.  At 30% both BHCYYb and BZCYYb appear relatively stable with little to no 
degradation but BHCYYb shows a higher conductivity, indicating it would outperform 
BZCYYb in high CO2 environments.   
Both Raman spectroscopy and XRD showed that the major degradation products were 
BaCO3 and doped CeO2.  It was shown water has little to no degradation effect at any level 
of doping, but CO2 significantly degrades the 10% and 20% doped samples.  However, 
when samples are exposed to realistic operating conditions with CO2, H2O and H2, the 
degradation is exacerbated, but with the same degradation products.  This is possibly due 
to the formation of CO, a much more reactive species than CO2.   
Finally, BHCYYb was used as an electrolyte material for reversable fuel cell and SOEC 
operation.  The round-trip efficiency for hydrogen was 79% at 0.5 A/cm2 at 600oC which 
is comparable to similar cells made from BZCYYb and the same is true at higher current 
densities and higher temperatures.  In CO2-H2O co-electrolysis, BHCYYb-3511 continues 
to perform well, with stable performance up to 700 hours.  When compared to BZCYYb-
1711 and BZCYYb-3511 the performance is approximately the same within experimental 
error.  However, both BZCYYb cells degrade within the first 50-100 hours while the 
BHCYYb-3511 cell is stable for up to 700 hours. 
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 DOPANTS IN THE BARIUM HAFNATE SYSTEM 
6.1 Research Objectives 
In the previous two chapters, it was shown that BHCYYb had a higher stability than 
BZCYYb and similar conductivity.  While hafnium and zirconium are chemically similar, 
it is still possible that yttrium and ytterbium are not the best dopants for the BaHfO3 system 
and there is further room to improve the conductivity of hafnium-based barium perovskites 
using novel dopants.  Therefore, this chapter will attempt to: 
1. Identify novel dopants for the BaHfO3 system and evaluate their performance. 
2. Optimize the concentration of any promising dopants. 
6.2 Theoretical Evaluation of Dopants 
There are two distinct classes of dopants into the perovskite system: A-site and B-site.  An 
A-site dopant consists of replacing a barium with a singly charged alkali metal ion.  A B-
site dopant would replace either a hafnium or cerium ion with a 3+ metal ion.  DFT 
evaluations of a variety of A-site and B-site dopants were carried out by Lei Zhang and the 
conclusions from his calculations are shown in Figure 6-1 and Figure 6-2.[94]  From these 
DFT calculations we can see that in the SOFC operating temperature range (~550-750 oC) 
potassium, rubidium, and cesium all outperform the reference “BHO-ref” case.  However, 
for B-site dopants, we can see that no dopant outperforms the reference case.  (The “BHO-
ref” is not un-doped BaHfO3.  Rather it is a non-physical BaHfO2.875 which is used as a 
reference point for comparison) 
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Figure 6-1 Estimation of the conductivity of A0.125Ba0.875HfO2.875, where A = Li, Na, 
K, Rb, Cs.  The estimations are based on DFT calculations of hydration and proton 




Figure 6-2 Conductivity of BaHf0.875X0.125O3 as determined via DFT calculations 
where X is a tri-valent dopant. 
 
6.3 A-site Dopants 
Based on the theoretical calculations, A-site dopants were studied first.  Initially, the solid-
state reaction method described previously was used to attempt to fabricate the A-site 
doped BaHfO3.  However, it was quickly realized that the instability of the A-site dopants 
required a lower temperature synthesis method.  Therefore, the glycine-nitrate combustion 
process was used.   
Unfortunately, using the lower temperature combustion method also did not result in an A-
site doped material.  Initially, only potassium doped BaHfO3 was attempted due to 
potassium’s similar ionic radius to barium, likely increasing its stability, and the DFT 
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estimation it would be the best performing dopant.[52], [72], [94]  Figure 6-3(a) shows 
XRD scans of the combustion powder before and after calcination.  It can clearly be seen 
that initially there is a significant amount of barium carbonate and hafnium oxide present.  
After the calcination step at 1000 oC only the perovskite phase is present.  However, as can 
be seen from the XPS spectrum in Figure 6-3(b), there is no potassium present after the 
1000oC calcination step.  Finally, TGA of the combustion powder was performed (Figure 
6-3(c)).  There are two clear major mass loss events at ~725oC and ~800oC.  The first mass 
loss event can be attributed to the conversation of the barium carbonate to the perovskite 
phase and the corresponding loss of CO2.  The second mass loss is therefore likely the loss 
of the potassium.  This is also supported by the higher decomposition temperature of 
potassium carbonate relative to barium carbonate: 891oC and 811oC respectively.[104] 
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Figure 6-3 Analysis of the combustion fabrication process for K0.125Ba0.875HfO3.  (a) 
XRD spectrum of K0.125Ba0.875HfO3 before and after calcination at 1000oC. (b) XPS 
spectra of the C1s and K2p binding energies for K0.125Ba0.875HfO3 before and after 
calcination. (c) TGA profile of K0.125Ba0.875HfO3 before calcination. 
Overall, while A-site doped barium hafnate looks very promising, they have proved to be 
too difficult to fabricate through classical ceramic processing techniques.  The temperature 
at which the potassium evaporation occurs is very close to the temperature required to react 
the barium carbonate into the perovskite phase.  Therefore, it would be very difficult to 
fabricate phase pure material.  More exotic processing techniques may be able to fabricate 
the material successfully but were not explored at this time. 
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6.4 B-Site Dopants 
While the theoretical calculations predicted that A-site dopants would result in higher 
performance, they were unable to be fabricated.  Therefore, B-site dopants were also 
studied.  Several different dopants were chosen to be studied: yttrium, ytterbium, lutetium, 
gadolinium, scandium, and indium.  These elements were chosen not only due to their high 
potential results from computations, but also because they represented different types 
potential dopants.  Yttrium and ytterbium were chosen due to their use in the current state 
of the art electrolyte, BZCYYb.  lutetium and gadolinium were both chosen as lanthanides 
with full and half-full f-orbitals respectively.  Finally, scandium has empty d-orbitals and 
indium has full d-orbitals.   
Before the conductivity of the B-site doped material could be tested, they needed to be 
sintered.  BaHfO3 has a higher melting point and therefore sintering temperature than that 
of BaZrO3 or BaCeO3.[104]  Furthermore, the B-site dopant itself can change the sintering 
temperature, even with the addition of 1 weight percent NiO as a sintering aid.  For 
example, yttrium and ytterbium doped BaHfO3 both required 1650oC to fully densify while 
gadolinium and lutetium were both fully dense at 1450oC (all samples were sintered for 5 
hours).  Scandium and indium were both sintered at 1600oC.  Figure 6-4 shows the XRD 
patterns of the B-site doped BaHfO3 after sintering at their respective sintering 
temperatures and Figure 6-5 shows SEM images of their cross sections which show they 
are all phase pure and fully dense.   
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Figure 6-4 XRD of BaHf0.875X0.125O3 (X = Y, Yb, Sc, In, Gd, and Lu) which shows all 




Figure 6-5 SEM images of sintered BaHf0.875X0.125O3 (X = Y, Yb, Sc, In, Gd, and Lu) 
After all the different dopants were fully sintered, EIS was used to test their conductivity 
in argon with 3% water.  The conductivity results are shown in Figure 6-6 along with 
BHCYYb with 10% and 70% hafnium for reference.  Surprisingly, yttrium and ytterbium 
perform the worst out of all the dopants, even though they are the preferred choice for 
barium cerate-based systems.[80], [82]  Lutetium, gadolinium, and scandium all perform 
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approximately the same but with scandium outperforming slightly, especially at higher 
temperatures.  Finally, indium out-performs all the other dopants by a significant margin.  
When compared to the BHCYYb, BaHf0.875In0.125O3 outperforms the 70% hafnium 
BHCYYb, which has a higher concentration of trivalent elements in the B-site.   
 
 
Figure 6-6 Conductivity of BaHf0.875X0.125O3 (X = Y, Yb, Sc, In, Lu, Gd) and 
BHCYYb in argon with 3% water. 
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6.5 Optimization of the Indium Concentration in BaHfO3 
After indium was identified as an improvement over yttrium and ytterbium in the BaHfO3 
system, it was important to optimize the concentration of indium.  This is due to the tradeoff 
between an increase in charge carriers and the trapping effect.  The increase in the dopant 
concentration increases the number of charge carriers, due to an increase in the number of 
oxygen vacancies formed.  However, the mobility of the charge carriers is hindered by the 
charge centers created by the replacement of a cerium or hafnium ion with indium.  These 
charge centers will “trap” the mobile species and reduce mobility.  At even higher 
concentrations, the dopant will reduce the symmetry of the structure and in extreme cases, 
results in a different phase.  Figure 6-7 shows the XRD of BaHfxIn1-xO3-δ which shows that 
the material retains its cubic perovskite phase up 37.5% indium, the highest concentration 
tested.   
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Figure 6-7 X-ray diffraction patterns of BaHf1-xInxO3 which show the material 
maintains the cubic perovskite structure up to 37.5% indium doping. 
 
To determine the optimal concentration of indium dopant, the indium concentration was 
varied between 12.5% and 37.5% and the results are shown in Figure 6-8.  We can see that 
the optimal dopant amount varies slightly as a function of temperature.  At 600 oC and 650 
oC there is little to no difference in conductivity as a function of indium concentration.  
This is likely because most of the charge carriers do not have enough thermal energy to 
overcome the trapping effect and the increase in dopant does not create mobile charge 
carriers.  As the temperature is increased, we see a peak in the conductivity emerge at ~20% 
indium.  20% is in line with other dopants in similar systems such as BaZrO3 and BaCeO3.    
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Figure 6-8 Concentration of BaHf1-xInxO3-δ as a function of indium concentration 
and temperature.   
Based on the results above, the logical next step was to attempt to further increase the 
conductivity by replacing some of the hafnium with ceria.  As the effect of indium is 
different in the BaCeO3 system from the BaHfO3 system, two different systems were 
studied: BaHf0.1Ce0.7Y0.2-xInxO3-δ and BaHf0.4Ce0.4Y0.2-xInxO3-δ.  Yttrium was chosen as a 
co-dopant as it has been shown to be one of the best performing trivalent dopants in the 
BaCeO3 system.  Figure 6-9 shows the conductivities of the two different BHCYIn systems 
tested.  Unfortunately, it appears that in all cases the addition of indium will decrease the 
conductivity.   
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Figure 6-9: Conductivity of (a) BaHf0.1Ce0.7Y0.2-xInxO3-δ and (b) BaHf0.4Ce0.4Y0.2-
xInxO3-δ in 3% H2O in argon. 
There have been many studies into the effect of different dopants in the BaCeO3 system 
and indium has performed poorly.  It appears that the low conductivity of indium in 
BaCeO3 will outweigh the positive effect of indium in the BaHfO3 system.  One possible 
explanation for these results is the trade-off between charge carrier concentration and 
mobility.  In BaCeO3 indium has been shown to increase the hydration and therefore the 
charge carrier concentration but the trapping effect caused by the charge center restricts the 
number of mobile charge carriers.  The net effect is an overall reduction in the conductivity 
of indium doped BaCeO3 compared to other dopants such as yttrium.  A major difference 
between indium doped BaCeO3 and indium doped BaHfO3 is the relative differences 
between the ionic radius of indium and cerium or hafnium.  Indium has an ionic radius of 
94 pm compared to 101 pm for cerium and 85 pm for hafnium.[72]  The difference in ionic 
radii in indium doped BaCeO3 would restrict the lattice around the indium, enhancing the 
trapping effect.  In indium doped BaHfO3, the opposite would be true.  The lattice would 
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expand and reduce the trapping effect.  This is supported by yttrium’s ionic radius of 104 
pm, which is larger than both hafnium and cerium.   
6.6 Conclusions 
Several different types of dopants were studied in the BaHfO3 system, both dopants in the 
barium site and the hafnium site.  Unfortunately, most dopants proved to be unsuccessful 
for various reasons.  Alkali metal A-site dopants were shown to be impossible to dope into 
the structure using common ceramic processing techniques.  This was shown to be due to 
the low degradation and evaporation of alkali oxides.  The evaporation of potassium from 
K0.125Ba0.875HfO3 was shown to occur at ~800oC while the temperature required to react 
BaCO3 into the perovskite structure is ~725oC.  These temperatures are too low to perform 
much of the standard ceramic material processing such as sintering (1450oC), adhering of 
cathode material (1000oC), or adhering of silver current collectors (800oC). 
In addition to A-site dopants, tri-valent B-site dopants were also studied.  Several different 
dopants were studied, and indium was determined to have the highest conductivity with 
the conductivity of BaHf0.875In0.125O3 being higher than even BaHf0.7Ce0.1Y0.1Yb0.1O3-δ.  
The concentration of indium in BaHfO3 was optimized to be 20%.  Finally, 
BaHf0.1Ce0.7Y0.2-xInxO3-δ and BaHf0.4Ce0.4Y0.2-xInxO3-δ were tested but unfortunately the 
detrimental effects of indium in the BaCeO3 system out weighted the advantage of it in the 
BaHfO3 system and any addition of indium into the mixed BaCeO3-BaHfO3 system 
resulted in a decrease in conductivity.  
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 CONCLUSIONS AND RECOMMENDATIONS 
7.1 Summary of Results 
This work describes the development and testing of a new family of solid oxide proton 
conducting electrolytes, BaHfxCe0.8-xY0.1Yb0.1O3 (BHCYYb), and compares its stability 
and performance to the current state-of-the-art.  BHCYYb was rationally designed through 
the thermodynamic evaluation of barium perovskites to determine their relative stability 
and it was found that BaHfO3 has the highest intrinsic stability.  In addition to the study of 
the BHCYYb family of materials, doped BaHfO3 was also studied to attempt to further 
improve performance but it unfortunately proved unfruitful.   
After initial thermodynamic calculations were performed, the first tests were on the 
performance of the BHCYYb system.  The conductivity, activation energy, transference 
number, and fuel cell performance were studied.  The conductivity of BHCYYb was found 
to be similar to that of BZCYYb but varied depending on the concentration of 
hafnium/zirconium.  For example, at low concentrations (10% or 20%) BHCYYb had a 
higher conductivity than that of BZCYYb.  However, as the concentration of Hf/Zr 
increased the conductivity of both BZCYYb and BHCYYb decreased but BHCYYb 
decreased at a faster rate.  This resulted in BZCYYb and BHCYYb having approximately 
the same conductivity at 30% Zr/Hf and BZCYYb had the higher conductivity at higher 
concentrations of Zr/Hf.  In addition to conductivity, the transference number, or fraction 
of ionic to electronic conductivity, was measured.  It was seen that transference number 
decreased as the temperature increased and increased as the concentration of hafnium 
increased.  However, at SOFC operating temperatures, the transference number was above 
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90% which is sufficient for a high performing material.  Finally, BHCYYb was used to 
fabricate full lab scale fuel cells.  The performance of these cells was comparable or higher 
than that of other proton conducting solid oxide fuel cells, verifying BHCYYb’s 
performance as a proton conducting electrolyte. 
After BHCYYb’s performance was verified as a proton conducing electrolyte, the stability 
of BHCYYb was compared to that of BZCYYb.  Stability was initially measured with TGA 
which showed that BHCYYb with 30% hafnium was stable against CO2 but BZCYYb with 
30% zirconium still degraded.  Next long-term tests were conducted in 25% CO2, 25% 
H2O, 50% H2 where chemical stability and conductivity were measured.  Again, it was 
shown that BHCYYb was more stable than that of BZCYYb.  Moreover, the major 
degradation products were shown to be BaCO3 and HfxCe1-xO3.  When BHCYYb was used 
as an electrolyte material for SOEC operation for both hydrogen production and CO2-H2O 
co-electrolysis, the cells were stable for several hundred hours while BZCYYb based cells 
degraded within the first 50 hours.   
Finally, doped BaHfO3 was studied to attempt to further improve the performance of 
barium hafnate based proton conductors.  Dopants were attempted in both the barium site 
(A-site) and the hafnium site (B-site).  Several different B-site dopants were tested, and 
indium doping was shown to have significantly higher conductivity than yttrium or 
ytterbium doping.  However, when indium was used in a mixed BaHfO3-BaCeO3 system, 
the conductivity was significantly worse than yttrium doping.  Most likely due to indium’s 
poor performance in the BaCeO3 system.  Lastly, potassium was attempted to be doped 
into the barium site.  However, this proved to be very unstable and it was shown that the 
potassium evaporates from the structure at a similar temperature to that of the conversion 
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of carbonates to oxides (~800oC).  This makes fabrication and post-processing of the 
material impossible with traditional ceramic processing techniques.    
Overall, BHCYYb was shown to be an excellent solid oxide proton conducting electrolyte 
material with better or comparable conductivity and transference numbers than that of the 
current state-of-the-art BZCYYb.  Moreover, BHCYYb has higher stability against CO2 
and water than BZCYYb which makes BHCYYb an excellent choice for applications such 
as SOFC operation on hydrocarbons or the electrolysis of CO2.   
7.2 Recommendations for Future Work 
Based on the results presented in this work, there are three major directions possible to 
further improve and optimize the performance of BHCYYb and related BaHfO3 materials: 
further study under both SOFC and SOEC operation, the effect of surface coatings, and 
further optimization of dopants.   
The logical next step for studying BHCYYb is to test it in more real-world applications.  
This work showed its potential as an SOFC electrolyte using hydrogen as fuel.  However, 
BHCYYb’s true strength lies with its stability so tests using hydrocarbon fuels such as 
natural gas are needed to further verify its stability.  Additionally, more robust and longer 
term tests in SOEC mode to electrolyze CO2 into syngas or other similar electrolysis 
process are needed.  Finally, if those are successful, it will be important to move beyond 
lab-scale and test BHCYYb as part of cell stack where fuel utilization will create a wider 
range of gas conditions and stability is of higher priority.   
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While BHCYYb does provide some advantages to both performance and stability over 
BZCYYb, there is still a significant trade-off between stability and performance based on 
the concentration of hafnium.  A traditional method for limiting this trade-off is the use of 
surface coatings.  For example, the fuel cell could be fabricated out of a high conductivity 
version of BHCYYb (10% hafnium).  To protect this from degradation, a higher stability 
version of BHCYYb would be coated onto the surface of the cell.  This would protect the 
cell from degradation while allowing most of the cell to maintain its high conductivity.  
There would be several methods by which surface coating could be applied such as atomic 
layer deposition, surface sol-gel, or simple nitrate infiltration.  Of these methods, atomic 
layer deposition may be the simplest to implement as hafnium oxide has commonly 
available ALD precursors.  However, ALD of complex, multi-doped structure is difficult 
and rarely performed.  Nitrate infiltration is most commonly used for these complex 
systems.  However, hafnium nitrate is not readily available, which could make initial 
studies difficult.   
Finally, the BaHfO3 system is far from fully studied and significant work could still be 
performed to explore further dopants.   The current dopants of yttrium and ytterbium were 
the worst performing ternary dopants tested.  While indium is a poor choice due to its’ low 
conductivity in the BaCeO3 system, other ternary dopants such as lutetium may provide 
higher performance in the BaCeO3-BaHfO3 system.  Moreover, computations suggest that 
A-site dopants should outperform any B-site dopants so there is significant potential to 
improve performance through novel processing techniques.   
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APPENDIX A. SINTERING AIDS FOR BARIUM HAFNATE   
A.1 Introduction 
One of the most important aspects of developing a new electrolyte material is ensuring the 
material is fully dense.  If there is porosity in the material it can drastically decrease 
performance.  Firstly, if the electrolyte is porous, the gas from the anode and cathode can 
mix.  In the best case, this will decrease the open circuit voltage and therefore performance.  
At worst, this can be an explosion hazard, although unlikely at lab-scales.  Additionally, 
even if the material is gas tight with only closed porosity the pores will increase the path 
ions have to travel.  This will decrease the conductivity and therefore decrease the overall 
cell performance.   
Barium perovskites require very high sintering temperatures, especially BaZrO3 and 
BaHfO3.  These high temperatures, typically around 1500-1600oC cause additional 
problems such as barium evaporation from the structure.  This has been overcome for 
BZCYYb using NiO as a sintering aid.  NiO will react with the barium and yttrium to form 
BaY2NiO5.  BaY2NiO5 has a melting point of around 1450-1500oC.[105]  This relatively 
low melting point combined with the reaction between the NiO and the BZCYYb has 
reduced the required sintering temperature to as low as 1400oC.   
While NiO has performed as an excellent sintering aid for BZCYYb and other yttrium 
doped barium perovskites, the introduction of novel dopants into the BaHfO3 structure will 
likely reduce the effectiveness of NiO as a sintering aid due to the absence of yttrium and 
the inability to form the BaY2NiO5 phase.  In order to effectively sinter these newly 
 82
developed materials, additional sintering aids were tested and compared to NiO as sintering 
aids for BaHfO3.  Specifically, CuO and LiNO3 were tested at 1 wt%, 2.5 wt%, and 5 wt% 
in addition to NiO.  CuO was chosen due to the low melting point of the BaO-CuO system, 
~ 875oC.[106], [107]  Additionally, Amsif et al showed that the application of CuO had 
minimal impact on conductivity of various B-site doped barium cerates.[108]  LiNO3 was 
chosen due to the fact that it completely evaporates from the structure during the sintering 
process and therefore does not affect the final conductivity.[109]  Most importantly neither 
CuO or LiNO3 rely on yttrium to be present in order to enhance the sintering process. 
A.2 Technical Approach 
To test the effectiveness of CuO, and LiNO3 as sintering aids, 1 wt%, 2.5 wt% and 5 wt% 
of CuO, and LiNO3 were mixed into BaHfO3, which was prepared using the standard solid-
state reaction process.  To ensure the sintering aids were well mixed, they were processed 
with high energy ball milling after the sintering aid was added to the BaHfO3.  The powders 
were then pressed into pellets and fired at various temperatures (1500oC, 1550oC, 1600oC, 
and 1650oC) for 5 hours.  The pellets were then fractured, and the fractured cross-section 
was analyzed via SEM.   
A.3 Results and Discussion 
Figure A-1, Figure A-2, and Figure A-3 show cross sections of BaHfO3 sintered at various 
temperatures using LiNO3 as a sintering aid at 1 wt%, 2.5 wt%, and 5 wt% respectively.  
At all concentrations of LiNO3, the higher sintering temperature resulted in larger particle 
sizes due to the faster grain growth at elevated temperatures.  Additionally, the higher the 
sintering temperature, the higher the density of the material.  However, increasing the 
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sintering aid did not increase the density.  We do see a slight increase in density as the 
concentration of LiNO3 is increased from 1 wt% to 2.5 wt%.  However, increasing the 
concentration further to 5 wt% resulted in a lower density.  This is mostly likely due to the 
extremely low boiling point of LiNO3 at 600oC.  The high concentration of LiNO3 acted as 
a pore former at 5 wt% and increased the porosity compared to lower concentrations.   
Figure A-4, Figure A-5, and Figure A-6 show cross sections of BaHfO3 sintered at various 
temperatures using CuO as a sintering aid at 1 wt%, 2.5 wt%, and 5 wt% respectively.    
Again, we see larger particle sizes at higher sintering temperatures but there does not 
appear to be any increase in density at the higher sintering temperatures.  There does appear 
to be an increase in density as we increase the CuO concentration but unfortunately even 
at 5 wt% and 1650oC the material is not completely dense. 
Due to the lack of success with CuO and LiNO3, NiO was attempted as a sintering aid even 
in the absence of yttrium.  Figure A-7 shows the cross section of BaHfO3 with 1 wt% and 
2 wt% NiO as sintering aid fired at 1500oC.  We can see that even the 1500oC and 1 wt% 
the material is dense.  Increasing the concentration to 2 wt% increases the grain size slightly 
but otherwise maintains a similar morphology.   
One possible explanation for the success of NiO over CuO or LiNO3 is the higher eutectic 
temperature of the NiO-BaO system compared to the eutectic temperature of the BaO-CuO 
system or the melting point of LiNO3.  The eutectic temperature of the NiO-BaO system is 
~1100oC.[110]  An eutectic temperature closer to the final sintering point helps to prevent 
the evaporation of the sintering aid and results in an overall denser material.   
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Figure A-1 SEM images of BaHfO3 cross sections after sintering at (a) 1500oC, (b) 
1550oC, (c) 1600oC, and (d) 1650oC for 5 hours with 1 wt% LiNO3 added as a 




Figure A-2 SEM images of BaHfO3 cross sections after sintering at (a) 1500oC, (b) 
1550oC, (c) 1600oC, and (d) 1650oC for 5 hours with 2.5 wt% LiNO3 added as a 
sintering aid.  Scale bar is 5 µm 
 86
 
Figure A-3 SEM images of BaHfO3 cross sections after sintering at (a) 1500oC, (b) 
1550oC, (c) 1600oC, and (d) 1650oC for 5 hours with 5 wt% LiNO3 added as a 




Figure A-4 SEM images of BaHfO3 cross sections after sintering at (a) 1500oC, (b) 
1550oC, (c) 1600oC, and (d) 1650oC for 5 hours with 1 wt% CuO added as a 




Figure A-5 SEM images of BaHfO3 cross sections after sintering at (a) 1500oC, (b) 
1550oC, (c) 1600oC, and (d) 1650oC for 5 hours with 2.5 wt% CuO added as a 




Figure A-6 SEM images of BaHfO3 cross sections after sintering at (a) 1500oC, (b) 
1550oC, (c) 1600oC, and (d) 1650oC for 5 hours with 5 wt% CuO added as a 
sintering aid.  Scale bar is 5 µm 
 
Figure A-7 SEM images of BaHfO3 cross sections after sintering at 1500oC 5 hours 




Three different sintering aids, LiNO3, CuO, and NiO, for BaHfO3 were tested at a variety 
of temperatures and concentrations.  An increase in temperature always resulted in larger 
particle sizes and higher densities at the same sintering aid concertation.  LiNO3 slightly 
increased density at low concentrations but higher concentrations acted as a pore-former 
due to the low boiling point of LiNO3.  CuO performed slightly better with higher apparent 
densities, although full density was not achieved.  Finally, NiO was shown to still be the 
most effective sintering aid, even in the absence of yttrium.  Fully dense pellets were 
achieved at 1500oC with 1 wt% NiO.  The success of NiO is attributed to the 1100oC 
eutectic temperature of the BaO-NiO system.    
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APPENDIX B. CONSTANTS AND METHODS USED FOR 
THERMODYNAMIC CALCULATIONS 
B.1 Constants for Fitted Thermodynamic Data 
Thermodynamic data gathered from Thermochemical Data of Pure Substances, 3rd Edition  
by Barin Ihsan[71] and other literature sources.  The exact source is cited for each material.  
The data was fitted to the Shomate equation as shown in equation (29) using the MATLAB 
curve fitting toolbox. 
 𝐺 = 𝑎 ∗ 𝑡 ∗ ln(𝑡) + 𝑏 ∗ 𝑡 + 𝑐 ∗ 𝑡 + 𝑑 ∗ 𝑡 + 𝑒 ∗ 𝑡 + 𝑓 ∗ 𝑡 + 𝑔 (29) 






Table B-1 Constants for the Shomate equation (equation (29)) fitted to tabulated 
thermodynamic data 
 CO2 [71] H2O [71] BaCO3 [71] Ba(OH)2 (<681 K) 
[71] 
a -34.84 -23.23 -87.08 186.5 
b -209.00 -190.3 -107.2 282.6 
c -14.77 -10.84 -25.68 -801.6 
d 2.032 -0.7124 0.7208 -500 
e -0.1497 -0.01672 -0.3803 -163.5 
f 0.3756 -0.2586 0.7114 1.005 
g -407.9 -248 -1249 -932.5 
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 Ba(OH)2 (>681 K) 
[71] 
BaZrO3 [46], [71] ZrO2 [71] BaCeO3 [111] 
a 155.4 -123.4 -100.4 -120.3 
b -141.9 -135.9 -75.6 -158.9 
c 11.62 -3.659 37.2 -7.899 
d -2.289 -0.1952 -12.66 0.6193 
e 0.2337 0.02504  1.947 -0.1123 
f 1.004 1.114 1.395 0.5658 
g -989.5 -1846 -1134 -1727 
     
 CeO2 [71] 
 
BaHfO3 [46], [71] HfO2 [71]  
a -54.52 -122.5 -71.55  
b -28.16 -133.5 -64.24  
c -57.69 -8.64 -5.131  
d 21.7 0.6451 0.1452  
e -3.628 -0.1081 -0.01686  
f 1.811 0.8386 0.6301  
g -1120 -1902 -1171  
B.2 MATLAB Code for Producing 2- Dimensional van’t Hoff Plots 
The below code is for the calculation of the reaction between BaZrxCe1-xO3 and CO2.  
However, it can be easily modified for any solid solution system and any contaminate for 






    T=Q-1+Start; 
    t=T/1000; 
    %all euations should be in Absolute free energy and in kJ 
    %final calcuation will *1000 to convert to J 
    % absolute free energy of CO2    
    a=-34.84; 
    b=-209; 
    c=-14.77; 
    d=2.032; 
    e=-0.1497; 
    f=0.3756; 
    g=-407.9; 
    Gco=(a*t*log(t)+b*t+c*t^2+d*t^3+e*t^4*f*t^-1+g)*1000; 
     
    % free energy of BaCO3 
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    a=-87.08; 
    b=-107.2; 
    c=-25.68; 
    d=0.7208; 
    e=-0.3803; 
    f=0.7114; 
    g=-1249; 
    Gba=(a*t*log(t)+b*t+c*t^2+d*t^3+e*t^4*f*t^-1+g)*1000; 
     
    % formation energy of ZrO2 
    a=-100.4; 
    b=-75.6; 
    c=37.2; 
    d=-12.66; 
    e=1.947; 
    f=1.395; 
    g=-1134; 
    Gzr=(a*t*log(t)+b*t+c*t^2+d*t^3+e*t^4*f*t^-1+g)*1000; 
     
    %formation energy of CeO2 
    a=-54.52; 
    b=-28.16; 
    c=-57.69; 
    d=21.7; 
    e=-3.628; 
    f=1.811; 
    g=-1120; 
    Gce=(a*t*log(t)+b*t+c*t^2+d*t^3+e*t^4*f*t^-1+g)*1000; 
     
    % formation energy of BaZrO3 
    a=-123.4; 
    b=-135.9; 
    c=-3.659; 
    d=-0.1952; 
    e=0.02504; 
    f=1.114; 
    g=-1846; 
    Gbzr=(a*t*log(t)+b*t+c*t^2+d*t^3+e*t^4*f*t^-1+g)*1000; 
     
    %formation energy of BaCeO3 
    a=-120.3; 
    b=-158.9; 
    c=-7.899; 
    d=0.6193; 
    e=-0.1123; 
    f=0.5658; 
    g=-1727; 
    Gbce=(a*t*log(t)+b*t+c*t^2+d*t^3+e*t^4*f*t^-1+g)*1000; 
 
    for Con=1:999   
        x=Con/1000; 
        R=8.3145; 
        %calculate the formation energy of ZrxCe1-xO2 
        omega=0; 
        Gmixcezr=R*T*((x)*log(x)+(1-x)*log(1-x))+(omega*x*(1-x)); %G of 
mixing for Zr in CeO2 
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        Gcezr=Gmixcezr+(x*Gzr)+((1-x)*Gce); % energy of formation of 
ZrxCe1-xO2 
        %calculate the formation energy of BaZrxCe1-xO3 
        omega=0; %for BaZrO3 into BaCeO3 
        Gmixbzcyyb=R*T*((x)*log(x)+(1-x)*log(1-x))+(omega*x*(1-x)); % G 
of mixing for Ce&Zr in BaZrxCe1-xO3 
        Gbzcyyb=Gmixbzcyyb+(x*Gbzr)+((1-x)*Gbce); 
         
        Grxn=(Gba+Gcezr-Gbzcyyb-Gco)/1000; 
        K=exp(-Grxn*1000/(8.314*T)); 
        Pco=1/K; 
        FreeEnergy{Con,Q}=Grxn; 
        Constant{Con,Q}=K; 
        Pressure{Con,Q}=Pco; 
    end 
  
end 
FreeEnergyTable = cell2table(FreeEnergy); 
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